We present here a design of a coupling element aimed to be integrated into a nanomechanical biosensor for functional genomic analysis. The operation principle is based on a sub-nanometer resolution optical measurement of a cantilever deflection caused by a surface stress when the target nucleic acid sample hybridises to the nucleic acid probe on the active side of the cantilever. The resulting deflection, of the order of nanometers, is measured by an optical system, in which a laser beam reflects off the back of the cantilever to a position sensitive photo-detector. We study in this paper three polymer optical coupling systems which could allow to detect the presence of target nucleic acid on the cantilever by amplifying the deflection caused by the stress.
INTRODUCTION
The integration of optics in the Microelectromechanical systems (MOEMS) allows to achieve smaller, lighter, lower cost and more efficient systems compared to their macroscopic equivalent systems. Development of MOEMS has been emulated by the wide range of their potential applications in astronomy 1 , biology and medicine
The beam size must be smaller than the width of the cantilever (20µm) in order to be efficiently reflected off its surface and kept below the pitch distance of the VCSELs (250 P DORQJ LWV SDWKZD\ ZLWKLQ WKH FRXSOLQJ HOHPHQW 7KH H[SHFWHG cantilever deflection lies in the 1-50nm range as the minimum displacement of the spot measured in terms of spot origin increment on the PSD is P WKH FRXSOLQJ HOHPHQW KDV WR DPSOLI\ WKH Fantilever deflection in the ratio of 100 -1000 to achieve an efficient detection of the cantilever bending.
The laser sources are dielectric apertured VCSELs 5 emitting at a wavelength of 850nm. The divergence of these monomode sources is smaller than 10º (FWHM). The optical coupling element would be made of polymer for fabrication convenience.
FIRST OPTICAL COUPLING ELEMENT GEOMETRY

Description of the structure
The first optical coupling module is shown schematically in Figure 1 . It presents a symmetrical geometry. The VCSEL source is located perpendicular to the microfluidic head and to the cantilever. This presents the advantage to allow for easy laser source and photodetector alignment relatively to the microfluidic module. The α angle has been chosen small (5º) to minimize the pathway between the source, the cantilever and the lens L 0 . Indeed, the gaussian beam crosses the coupling element thrice before going through the microfluidic head and the cantilever.
A preliminary study showed we cannot prevent from using a collimating lens between the VCSEL source and the coupling element because of the source beam divergence and the beam size requirements. This collimating input lens has been designed in view of minimizing the gaussian beam divergence. It has been placed at the input extremity, and dimensioned with respect to the pLWFK RI WKH V\VWHP P 0RUHRYHU LW KDV EHHQ LQVHUWHG RQ WKH FRXSOLQJ HOHPHQW surface in order to provide a compact integrated device.
The beam of the VCSEL source goes to the cantilever through the coupling element after being collimated. A second lens (L 0 ) has been added. This lens aims to increase the beam deflection due to the cantilever bending and thereby to improve PSD detection. As well known in the planar optics concept, the positioning of optical elements demands very high precision 6 . As a consequence, a special care has be brought to the design and the positioning of this lens. The output extremity of the coupler has been tilted, with the same angle as for the input extremity, in order to set the device symmetrical and also to minimize the spot distortion on the PSD. 
Performances and results
The main difficulty is to optimise the spot deflection amplitude on the PSD while keeping a small waist spot on the detector. The gaussian waist increases as the beam propagates due to the beam divergence. For this reason, the pathway will have to be kept within a limit value in order to maintain the beam waist smaller than a few hundreds of micrometers. A short coupler geometry, allowing for a single to and through after the cantilever, has then been studied in order to evaluate the beam waist increases just after the lens L 0 .
Taking into account these considerations, a first study turned to the thickness (e) optimisation of this coupling element. For a PSD placed 1mm close to the coupler output face, we have studied the variation of the beam waist on the PSD as a function of e, the coupling element thickness, after one to and through and with the same lens L 0 (see Figure 1) . The modelling showed an optimised thickness of the order of 1mm.
The second key parameter is the L 0 lens characteristics. The following figures shows the variation of the spot displacement on the PSD and the beam waist at the coupler output when the radius of curvature of L 0 varies (see Figure 2 and Figure 3 ). These results show an exponential decay of the spot displacement when the lens radius increases. We can note that the spot displacement amplitude does not significantly evolve anymore as soon as the lens radius exceeds 0.15 to 0.2mm. To reach the accuracy of 0.1nm (that is when cantilever bending generates a 0. P VSRW GLVSODFHPHQW RQ 36' WKH UDGLXV curvature of the lens L 0 must be equal to 0.056mm, as can be seen in Figure 2 . Under these conditions, the device presents the following performances : the amplification coefficient, called a, which quantifies the spot shift amplitude on the PSD IRU D QP FDQWLOHYHU EHQGLQJ LV HTXDO WR PQP ,W PHDQV WKDW D P VSRW GLVSODFHPHQW RQ WKH GHWHFWRU DOORZV WR detect a 0.135nm cantilever deflection.
Meanwhile, the beam waist has to be controlled to provide the required device sensitivity and avoid cross talking between adjacent ways. The variation of the waist as a function of the lens radius beam is shown in Figure 3 and shows that a lens L 0 with a large radius of curvature has to be used. Unfortunately this is opposite to the conclusion drawn concerning the beam displacement optimisation. Indeed, the radius previously proposed to meet the latter requirement was 0.056mm, which would lead to a 3.9mm spot on the PSD. These results show that this geometry, in spite of its advantage for system alignment, is not suitable for the aimed application. This architecture is potentially efficient in terms of spot displacement on the detector : the radius of curvature of the lens L 0 is a useful parameter which allows to easily choice the performances of the coupling element.
The study shows the smaller the radius is, the greater the spot deflection is. Notwithstanding, a small radius is unfavorable to the beam waist on the PSD.
SECOND OPTICAL COUPLING ELEMENT GEOMETRY
Description of the device
The design of the first coupler has been modified in order to keep the deflection spot amplitude we have reached in the precedent part, while reducing the beam spot on the PSD. To manage this trade off, the VCSEL source has been tilted with respect to the cantilever, and the lens L 0 placed after the beam reflection by the cantilever has been maintained, as can be seen on Figure 4 . Indeed the path way between the VCSEL source and the cantilever is divided by a factor 3 compared to the precedent design, which prevents the gaussian beam from diverging along the part of optical path which don't contribute to the amplification deflection. We have kept the same integrated collimating lens as in the precedent study, as it decreases the beam divergence to less than 1º in the coupling device. 
Performances and results
In this configuration, the a coefficient which quantifies the deflection gain of the coupling element is equal to PQP 7KH GHIOHFWLRQ SHUIRUPDQFH UHPDLQV VWDEOH FRPSDUHG WR PQP ZKLOH WKH JDXVVLDQ EHDP ZDLVW GHFUHDVHV IURP PP WR P RQ WKH 36'
We can conclude that this design partly improves the gaussian beam waist on the detector, but its performances are not sufficient enough to meet the system requirements.
THIRD OPTICAL COUPLING ELEMENT GEOMETRY
Description of the device
Taking into account these conclusions we have study a coupling element geometry which would allow us to keep a small divergent beam and to amplify the cantilever deflection in the same time by lengthening the pathway. A side view of the coupling element is shown in Figure 5 . The beam reflects off the back side of the cantilever and then is guided via the coupling element to the output face and the PSD. As for the second geometry, the VCSEL source and the photo-detector are tilted with respect to the cantilever. We have kept the symmetrical structure (input and output faces) to avoid spot distortion on the PSD. 
Performances and results
The spot displacement on the PSD has been evaluated after 6 to and through in the coupling element, which corresponds to a path length of 4.75mm between the cantilever and the PSD (see Figure 6 ). This figure shows a relative low gain as WKH JDLQ FRHIILFLHQW LV PQP 7KLV FRQILUPV WKH QHHG WR OHQJWKHQ WKH RSWLFDO SDWK LQ WKH FRXSOLQJ HOHPHQW LQ RUGHU to reach the required accuracy. However it is worth noting that this design leads to a propagating beam of good quality: WKH VSRW ZDLVW RI WKH JDXVVLDQ EHDP RQ WKH FDQWLOHYHU DQG WKH 36' DUH UHVSHFWLYHO\ P DQG P To emphasize the amplification gain, longer couplers have been studied. Results are shown in Figure 7 where L is the total optical path length covered by the light between the cantilever and the PSD, and a is the deflection gain factor. The complete results are summarized in Table 1 . The a coefficient is directly related to the resolution of the device : to the extent that the mLQLPXP VSRW RULJLQ GLVSODFHPHQW RQ WKH 36' LV P WKH PLQLPXP FDQWLOHYHU GHIOHFWLRQ ZKLFK FDQ be detected by the PSD can be calculated. This resolution decreases as the path length in the optical coupling element increases. From these results, we can also estimate the coupling element length required to achieve the 0.1nm required accuracy. To reach this goal, the variation of the resolution as a function of the total pathway in the coupling element has been drawn in Figure 9 . We can observe that the resolution exponentially decreases with the optical pathway in the coupling element. This implies a minimum length of 45mm to reach the 0.1nm resolution.
Until now, only geometrical considerations have been taken into account. Nevertheless, the fact that the source is a gaussian beam must be kept in mind. As the path length increases, the gaussian spot diameter increases too, according to the well known variation law of the gaussian beam waist. The variation of the spot waist on the PSD as a function of the path length is also shown in Figure 9 .
So, according to the allowed spot diameter on the PSD, it appears that the coupler length will be limited, and consequently the lower detectable cantilever bending. In any case, the tolerable spot diameter should not overstep the 9&6(/ SLWFK LH P $V DQ H[DPSOH LQ WKH FDVH ZKHUH WKH DLPHG VSRW GLDPHWHU HTXDOV P WKH PD[LPXP permitted path length is equal to 10mm and the corresponding resolution is around 0.45nm. To conclude on this part, we have shown that we can reach the required resolution by lengthening the optical coupling element. The minimum length needed to achieve the 0.1nm resolution is equal to 45mm. For this resolution, the spot ZDLVW RQ WKH 36' LV HTXDO WR P
SUMMARY
We have proposed three architectures for the optical coupling element to be used as a part of a biosensor microsystem. In the first one, the control of the beam waist is too critical to provide a stable and reliable element suitable for the aimed application. This can be improved by slightly changing the geometry but not sufficiently. Nonetheless, the last proposed coupling element is based on the propagation of a very few divergent beam. This solution presents the advantage of an important stability as far as the beam spot diameter is concerned, and allows to adjust the required resolution of the system by selecting the right device length.
